Although enzymatic photoreactivation of cyclobutyl pyrimidine dimers in DNA is present in almost all organisms, its presence in placental mammals is controversial. We tested human white blood cells for photolyase by using three defined DNAs (supercoiled pET-2, nonsupercoiled bacteriophage A, and a defined-sequence 287-bp oligonucleotide), two dimer-specific endonucleases (T4 endonuclease V and UV endonuclease from Micrococcus luteus), and three assay methods. We show that human white blood cells contain photolyase that can photorepair pyrimidine dimers in defined supercoiled and linear DNAs and in a 287-bp oligonucleotide and that human photolyase is active on genomic DNA in intact human cells.
Evaluating the impact of sunlight exposure on human health-as well as that of possible increases in environmental ultraviolet B (290-320 nm) resulting from stratospheric ozone depletionrequires knowledge of the ability of human tissues to repair UV-induced DNA damage (1) . Cyclobutyl pyrimidine dimers (CPDs) are a major class of mutagenic (2) and oncogenic (3, 4) UV-induced damage. CPDs are repaired by photoreactivation (PR) , in which a single light-dependent enzyme (photolyase) reverses CPDs to monomers.
Although PR was initially reported to be absent in cultured human cells (5), Sutherland (6) , Sutherland et al. (7) , and Harm (8, 9) demonstrated photolyase activity in cells from placental mammals, including humans. Results on PR enzyme activity in human tissues also differ: although Cook and McGrath (10) were unable to find photolyase activity in mammalian tissues, Sutherland et al. (7) , Harm (8, 9) , and Ogut et al. (11) measured its activity in a variety of human fetal, neonatal, and adult tissues, including white blood cells (WBCs). While human photorepair activity had been measured in cells and in cell extracts by using standard chromatographic methods (12, 13) , most experiments yielding positive results used assay methods-bacterial transformation (8, 9) and nuclease digestion (6)-that might have reflected lightdependent alteration of other lesions. This possibility would have been consistent with the failure of Li et al. (14) to find PR enzyme activity in human WBCs by using CPD-specific assays.
We used CPD-specific methods and defined DNAs to test PR activity in human WBC extracts and cellular dimer PR in intact human WBCs. Human WBC extracts photorepair CPDs in supercoiled and nonsupercoiled DNA protein concentration was determined, and ice-cold sterile glycerol was added to 50% (vol/vol). Extracts were stored at -20°C and handled in red light. For PR activity assays, extract was diluted into freshly prepared HPR buffer containing 1 mM dithiothreitol and acetylated bovine serum albumin (New England Biolabs; 100 Ag/ml). Enzyme specific activities were calculated by using protein mass [determined by a micro Lowry method (15) ] and by using cell equivalents (CEs; 1 CE = extract from 1 WBC), which gave highly reproducible values among replicate preparations.
DNAs. Supercoiled pET-2 plasmid DNA (16), exposed to 254-nm UV (10 J/m2), contained -1 CPD per DNA molecule.
N6-Methyladenine-free bacteriophage A DNA (New England Biolabs) was exposed to 254-nm UV (20 J/m2), producing -13
CPDs per A molecule. A 32P-end-labeled 287-bp oligonucleotide was prepared by polymerase chain reaction using one 5'-32P-labeled primer (32PATGCGTCCGGCGTAGA) and one nonradioactive primer (CACTATCGACTACGC-GATCA) to amplify the 337-to 623-nt region of pET-3 [gift of A. Rosenberg (17)], gel-purified, located by contact radiography, extracted, ethanol-precipitated, suspended in 20 mM potassium phosphate (pH 7.4), and then exposed to 254-nm UV (550 J/m2) (=1 CPD per molecule).
UV and Visible Light. The 254-nm UV was measured with a Jagger meter (18) calibrated vs. a Molectron (Sunnyvale, CA) radiometer. Visible PR light from a 150-W spot passed through a heat-reflecting filter (Edmund Scientific, Barrington, NJ) to remove infrared radiation [in some cases, a Hoya Optics (Fremont, CA) L42 filter removed UV of less than =400 nm] and then through the bottom of a Pyrex water bath at -35°C, in which samples were suspended. Red room lighting (General Electric, 25W, Sign Service Group) prevented uncontrolled photorepair (19, 20) .
RESULTS
For unambiguous determination of PR enzyme activity, we used three defined DNAs with known CPD frequencies, two CPD-specific enzymes, and three separation modes. PR light was in the wavelength range of the human and marsupial PR action spectra (19, 20) filtered to exclude radiation inducing CPDs (21, 22 ladder of bands, each terminating at a specific dimer (26 (21, 22, 28) . Since PR experiments use high-intensity light for long times, CPDs may be induced during illumination, decreasing or obscuring PR entirely. Medium or long wavelength UV radiation can induce other biologically significant lesions that reduce biological PR or could be mistaken for dimers in non-CPD-specific assays. The "white-light effect" of Harm (8, 9) , which interfered with detection of PR, and the PR of survival of murine cells in N2 but not in 02 (29) Human WBCs were exposed to 254-nm UV to give -8 CPDs per Mb, kept in the dark or exposed to light, harvested at increasing times after UV, and embedded in agarose plugs, and DNA was isolated by proteinase K digestion (27) . Companion plugs were incubated at 37°C with or without UV endonuclease; reactions were terminated by adding alkaline stop mixture (30 min, 37°C). DNAs were electrophoresed [0.4% alkaline agarose gel using unidirectional pulsed field (15 V/cm; 0.3-s pulse, 10-s interpulse; 16 hr, 10°C with buffer recirculation)] (23) along with molecular length standards (T4, 170 kb; A, 48.5 kb; T7, 40 kb; a Bgl I digest of T7, 22.5, 13.5, and 4 kb). Gels were neutralized, stained with ethidium, and destained. An mammalian cells in culture medium could induce damages obscuring photorepair. The light intensity can determine the PR rate: by using high-intensity light, D'Ambrosio et al. (30, 31) observed a higher PR rate in human skin in situ than Sutherland et al. (32) , who used lower intensity.
Adequate negative controls for damage induction by PR light and successful positive PR controls are necessary. Repaircompetent organisms are not good negative controls, since they may repair damage induced during illumination (thus yielding no net damage), and it may thus appear that no damage was induced. Unshielded DNA in a UV-transparent buffer is an adequate negative control (33) . Positive controls using PR-competent organisms are useful [but see Cleaver (5) ]. In addition, competing dimer repair systems must be minimized. Thus Wagner et al. (34) and Henderson (35) readily detected PR of viral production in excision-deficient but not in excision-proficient human cells.
PR in mammalian cells and tissues has been demonstrated by a variety of methods. Thin layer chromatography and nuclease-digestion analyses showed PR activity in human, bovine, and murine cell and tissue extracts as well as PR in cells (6, 7, 12, 13) . By using a bacterial transformation assay, Harm (8, 9) found PR activity in cultured murine and human cells, and in human, feline, and bovine tissues. Viral reactivation assays also showed PR of UV-irradiated herpes virus in cultured human cells (34) and Epstein-Barr virus in human lymphocytes (35) . Further, several groups showed CPD photorepair in human skin in situ (30) (31) (32) .
Data indicating the absence of PR activity in some mammalian cells have also been reported. Such reports are reasonable, since it is unlikely that all mammalian tissues or cells express PR enzyme under all conditions. The activity and/or expression of PR activity is regulated in prokaryotes (36) , in simple eukaryotes (37) , and in complex organisms (10, 11, 38 (40) , or a cDNA probe for Potorous tridactylis photolyase (38) , suggesting that human photolyase is of convergent function but dissimilar structure to other photolyases.
There is apparently confusion on result of PR assays and characteristics of mammalian PR enzymes. For example, Li et al. (14) claimed that "one of the most sensitive assays for photolyase is the transformation assay. Harm [42] easily detected photolyase in marsupial cell extract by this assay, but was unable to detect the activity with extract from placental animals." Harm's work (42) included only studies of the marsupial Potorous tridactylus, but none on any placental mammal. Moreover, in other publications, using bacterial transformation, Harm (8, 9) demonstrated photolyase activity in cells and tissues of several placental mammals, including humans, mouse, ox, and cat. Li and colleagues (19) also claimed that the report of human PR enzyme activity produced by wavelengths >500 nm was unparalleled by any other photolyase; in fact, Chiang and Rupert (20) 
